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Abstract 1 
In this work, the three-dimensional elemental distribution profile within the freshwater crustacean Ceriodaphnia 2 
dubia was constructed at a spatial resolution down to 5 µm via a data fusion approach employing state-of-the-3 
art laser ablation-inductively coupled plasma-time-of-flight mass spectrometry (LA-ICP-TOF-MS) and 4 
laboratory-based absorption micro-computed tomography (µ-CT). C. dubia was exposed to elevated Cu, Ni and 5 
Zn concentrations, chemically fixed, dehydrated, stained, and embedded, prior to µ-CT analysis. Subsequently, 6 
the sample was cut into 5 µm thin sections and subjected to LA-ICP-TOF-MS imaging. Multimodal image 7 
registration was performed to spatially align the 2D LA-ICP-TOF-MS images relative to the corresponding 8 
slices of the 3D µ-CT reconstruction. Mass channels corresponding to the isotopes of a single element were 9 
merged to improve the signal-to-noise ratios within the elemental images. In order to aid the visual interpretation 10 
of the data, LA-ICP-TOF-MS data were projected onto the µ-CT voxels representing tissue. Additionally, the 11 
image resolution and elemental sensitivity were compared to those obtained with synchrotron radiation based 12 
3D confocal µ-X-ray fluorescence imaging upon a chemically fixed and air-dried C. dubia specimen. 13 
 14 
Keywords: laser ablation LA, inductively coupled plasma-mass spectrometry ICPMS, synchrotron radiation 15 
SR, X-ray fluorescence spectrometry XRF, Ceriodaphnia dubia, 3D, multimodal registration, data fusion 16 
 17 
Introduction 18 
Multimodal registration is a process in which the spatial positions of pixels or voxels of different sets of image 19 
data from multiple modalities are transformed in one coordinate system based on the relative position of similar 20 
features or intensity distributions within the images. Multimodal (co-)registration approaches have, for example, 21 
been utilized in neuroimaging via imaging mass spectrometry (IMS) for the automated alignment of the 22 
molecular ion images relative to i) anatomic brain atlases, e.g., the Allen Brain Atlas, or ii) relative to 23 
histochemical microscopy information.1-5 The registration of multiple modalities allows one to generate a multi-24 
channel image in which correlations between modalities can be clearly demonstrated.6 In serial 3D IMS, 3D 25 
molecular ion distributions are reconstructed from serially imaged sections. In the reconstruction, molecular ion 26 
images of adjacent sections are stacked and aligned through registration to reflect the true 3D morphology in 27 
the sample. A similar approach has been proposed for laser ablation-inductively coupled plasma-mass 28 
spectrometry (LA-ICPMS), an elemental probe characterized by limits of detection at the sub-𝜇𝑔 𝑔−1 level, a 29 
lateral resolution down to 1 𝜇𝑚  and relatively simple mass spectra that permit one to immediately draw 30 
qualitative and even semi-quantitative conclusions.7,8 Multimodal registration can also be applied in serial 3D 31 
IMS; the registration of matrix-assisted laser desorption/ionization (MALDI) IMS images to positron emission 32 
tomography (PET), computed tomography (CT), single-photon emission CT (SPECT) or (functional) magnetic 33 
resonance imaging (MRI) images has been proposed for 3D medical imaging.6,9-11 These macroscale multimodal 34 
registration approaches, which often operate based on edge-detection algorithms, have however not yet been 35 
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demonstrated to work for elemental imaging of objects < 1 𝑚𝑚3 in volume. Non-destructive high-resolution 36 
3D imaging techniques such as CT and MRI are typically used to describe the internal morphology of a sample, 37 
as light microscopy techniques encounter difficulties in providing an accurate description of internal structures 38 
of the sample even when its outer surface is transparent due to the presence of distortions and non-described 39 
features outside of the field of vision. High-performance laser ablation-inductively coupled plasma-time-of-40 
flight mass spectrometry (LA-ICP-TOF-MS) setups offer high sample throughput and lateral resolutions in the 41 
order of a few µm.12,13 In this work, we describe and demonstrate a multimodal registration methodology to 42 
obtain the 3D elemental distribution of a small crustacean Ceriodaphnia dubia via alignment of a set of 2D 43 
element distribution images using a 3D micro-absorption CT dataset. This methodology, relying on serial 44 
sectioning, can be applied to other (molecular and elemental) 3D imaging methods. Typically, quantification in 45 
LA-ICPMS via external calibration is based on the signal of a single nuclide in the spectrum. Within the mass 46 
spectra provided by the LA-ICP-TOF-MS set-up, however, a signal for each isotope of an element is available. 47 
As there is a small variance in the natural isotopic composition of the elements, the signals of these isotopes can 48 
be considered as redundant information. In this work, multiple calibrated mass channels within the LA-ICP-49 
TOF-MS mass spectrum, belonging to the isotopes of a single element, were integrated to produce more robust 50 
elemental imaging data. Segmentation of the 3D LA-ICPMS dataset was demonstrated as, in contrast to 51 
MALDI-IMS where segmentation has been established in the form of atlas-based correlation-based querying, 52 
few examples are available for LA-ICPMS.14,15 53 
 54 
C. dubia was chosen as a study object in the context of this study for the following reasons: (i) the organism’s 55 
overall size allows the entire organism to be imaged within a reasonable time span of approx. 24 h for the highest 56 
lateral resolutions available on state-of-the-art instrumentation, (ii) C. dubia is a well-documented water flea 57 
genus which is frequently deployed to evaluate acute and chronic effects of metal exposure, which makes its 3D 58 
metal distributions of high interest to the field of aquatic toxicology, (iii) there are several highly intricate 59 
anatomical features in this organism, making it ideal for verifying the limits of multimodal imaging, (iv) the a 60 
priori estimated concentrations of elements of interest in C. dubia are at the 𝜇𝑔 𝑔−1 level, near the limits of 61 
detection and of quantification of the elemental probes utilized in this work, (v) C. dubia is easily cultured, due 62 
to its short reproductive cycle based on parthogenesis, and (vi) the organism is small in size and is mainly 63 
composed of lighter elements, allowing even relatively low-energy X-ray fluorescence lines to escape. The 64 
position of C. dubia in the food chain forms a link between primary producers (planktonic flagellates, 65 
protococcal algae, and diatoms) and higher order vertebrates. Metal and metalloids assimilate through the ion 66 
regulatory channels of both the gill tissue (respiratory uptake) and the alimentary channel (dietary uptake). Biotic 67 
ligand models have been developed for many metals, and the primary metal uptake routes, transport 68 
mechanisms, and assimilation efficiencies have been studied as a function of environmental conditions for 69 
individual metals in related species such as Daphnia magna.16-18 However, the effect of interactions between, 70 
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e.g., Cu, Ni and Zn on the overall uptake efficiency, chronic toxicity, and tissue-specific distribution are still 71 
under active investigation; a chronic metal mixture bioavailability model has been proposed.19  72 
 73 
Experimental section part 1 / Materials and Methods  74 
Sample preparation. A monoclonal stock culture of 25 specimens of juvenile Ceriodaphnia dubia (C. dubia), 75 
72 h old, was provided by the Environmental Toxicology Unit, Ghent University, Belgium (Supporting 76 
information). Juveniles (<24 h old) were exposed to a mixture containing 9.4 µg L-1 of dissolved Cu, 3.9 µg L-77 
1 of dissolved Ni and 25.2 µg L-1 of dissolved Zn (realistic values for European stream water, as recorded in the 78 
FOREGS repository).20 Each specimen was isolated and transferred into a separate well of a well plate using a 79 
Pasteur pipette (Figure 1, step A). Each specimen underwent a 1 h primary fixation using a formaldehyde (4%, 80 
EM-grade) and glutaraldehyde (2.5%, EM-grade) fixative solution in 0.1 M Na cacodylate buffer in a vacuum 81 
chamber and was subsequently left rotating for 3 h at room temperature. This fixative solution was renewed and 82 
the specimens were left rotating overnight at 4 °C. After washing, the sample was dehydrated through a graded 83 
ethanol series towards 100% dried ethanol, including a bulk staining with 1% uranyl acetate 84 
(UO2(CH3COO)2·2H2O) at the 50% ethanol step followed by embedding in Spurr’s resin  (Figure 1, step B). 85 
For µ-CT analysis  (Figure 1, step C), the resin block was trimmed to a cuboid shape with a cross-section of 86 
approx. 600 × 800 𝜇𝑚2, outlining the sample exterior. The excess of resin was removed in order to minimize 87 
X-ray scatter, resulting in an improved signal-to-noise ratio for the reconstructed µ-CT image. For LA-ICPMS 88 
analysis (Figure 1, step D), the resin containing the specimen was sectioned dorsoventrally to 120 adjacent 89 
sections of 5 µm thickness each, using a Leica™ ultramicrotome (Wetzlar, Germany). Each section was picked 90 
up in a water droplet, deposited on a Starfrost® microscope slide and numbered, resulting in a total amount of 91 
118 sections. For maintaining a reasonable total measuring time, only every odd numbered section was 92 
submitted to LA-ICPMS analysis, resulting in 59 2D LA-ICPMS datasets in total. For measuring C. dubia via  93 
SR-based 3D confocal µ-XRF and laboratory µ-CT, an HMDS drying procedure for SEM imaging on daphnids 94 
as described by Laforsch et al. was adapted and used (Supporting information).21-23  95 
LA-ICPMS. LA-ICP-TOF-MS is characterized by limits of detection at the sub-𝜇𝑔 𝑔−1  level, a lateral 96 
resolution down to 1-10 𝜇𝑚 and relatively simple mass spectra. The LA-ICPMS setup comprises an Analyte 97 
G2 Excimer 193 nm ArF* excimer laser ablation system (Teledyne CETAC Technologies Inc., Omaha, NE, 98 
USA) coupled to an icpTOF (TOFWERK AG, Thun, Switzerland) TOF-based ICPMS instrument with a mass 99 
resolution of 4,000 and sampling rate of 33 kHz. Sequences of 10 mass spectra were extracted for each individual 100 
laser shot. The rastering parameters are chosen such that overlap of the laser craters is negligible, resulting in 101 
‘square pixels’. LA craters were characterized using non-contact atomic force microscopy and scanning electron 102 
microscopy (BSE). Although the voxel size is 5 × 5 × 5 𝜇𝑚3, the slices have interspaces of 5 𝜇𝑚, as a result of 103 
skipping the even-numbered sections. The biological material was removed quantitatively using a single shot. 104 
The LA system’s HelEx II two-volume ablation cell is equipped with the ARIS24, a low-dispersion mixing bulb 105 
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developed at Ghent University and commercialized by Teledyne CETAC Technologies Inc. (Omaha, NE, USA), 106 
which improves the overall throughput and sensitivity of the LA system. This low-dispersion LA-ICP-TOF-MS 107 
setup for single-shot quantitative imaging provides performance characteristics well beyond those currently 108 
available in conventional LA-ICPMS imaging setups. The low-dispersion aerosol transport in the ARIS 109 
component eliminates the effects of pulse-to-pulse mixing at laser-pulse repetition rates up to 20 Hz for 110 
biological material and up to 50 Hz for glass and glass-like materials. Recently, the benefits of low-dispersion 111 
LA-ICP-TOF-MS were demonstrated for imaging geological samples in a study by Burger and Gundlach-112 
Graham et al..25,26  113 
 114 
The LA (Table 1) and ICPMS settings (Supporting information) were optimized at the start of each experiment 115 
(after 2 h of warm-up) while ablating NIST SRM 612 (Trace elements in glass, National Institute of Standards 116 
and Technology, Gaithersburg, MD, USA) to achieve high sensitivities for 24Mg+, 89Y+, 115In+, 238U+ whilst 117 
maintaining low oxide levels (238U16O+/ 238U+ <1.5%), low elemental fractionation (238U+/232Th+ ≈ 1), and low 118 
background levels (evaluated via the signal intensities for 16O2 +, 15N16O+).  119 
Table 1 LA settings 120 
Teledyne CETAC Technologies Analyte G2 
laser ablation system with ARIS 
Imaging mode 3D High-
resolution 
Energy density 
[𝐽 𝑐𝑚−2] 
3.5 4 
Repetition rate [𝐻𝑧] 20 20 
Scan mode Fixed dosage scanning 
Image XY 
dimensions 
[𝜇𝑚 x 𝜇𝑚 ] 
600 × 600 
Scan speed [𝜇𝑚 𝑠−1] 100 40 
Number of shots per 
position 
1 1 
Beam waist diameter 
[𝜇𝑚] 
5 2 
Mask shape ⊠ ⊗ 
He carrier gas flow 
rate [𝐿 𝑚𝑖𝑛−1] 
0.450 
 121 
X-Ray absorption micro-computed tomography. The µ-CT scanner at the ‘University Ghent Computed 122 
Tomography’ center (UGCT, Ghent University, Belgium) is equipped with an open-type microfocus X-ray tube 123 
with a high-resolution transmission target. Voltages can be set between 20 and 100 kV, the filament current can 124 
be set from 50 to 1000 µA with the restriction that the tube power should not exceed 80 W (max. target power 125 
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is 3 W). For our experiment, a voxel size of about 1 µm3 could be achieved by optimizing the sample-source 126 
distance. A Photonic Science VHR CCD sensor (Photonic Science™, Millham, UK) equipped with a GdOS:Tb 127 
scintillator was used to detect the transmitted X-rays. The CCD detector contains 4008 × 2672 pixels of 9 ×128 
9 µ𝑚² with a 20 𝑀𝐻𝑧 read-out. A total of 635 projections (0.57° steps) were recorded. 129 
 130 
Synchrotron radiation based 3D confocal µ-XRF. The experiments were performed at the former beamline L of 131 
the DORISIII synchrotron at the Deutsches Elektronensynchrotron (DESY) in Hamburg, Germany. A W/Ni 132 
multilayer monochromator enabled high-intensity monochromatic excitation at 15 keV. A polycapillary optic 133 
(XOS, East Greenbush, NY, USA) with 15 µm focus size and 30% transmission at 17 keV, 4.8 mm working 134 
distance and a 3000-fold intensity gain was used to focus the monochromatic radiation. A second polycapillary 135 
optic at the detector side was aligned in a confocal geometry. A depth scan through a thin Au foil delivered an 136 
acceptance for the confocal volume of approximately 18 µm full-width-half-maximum (FWHM) at the Au-Lα 137 
fluorescent line.  138 
Safety considerations. Normal lab precautions (double heavy nitrile gloves, full face shield, lab coat, chemical 139 
splash apron, well-ventilated fume hood) should be taken in the steps involving the handling of 140 
formaldehyde/glutaraldehyde (toxic, carcinogenic, combustible), and ethanol (toxic, combustible). Standard safety 141 
procedures for lasers, ionizing radiation, and compressed gasses apply. 142 
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Figure 1 Schematic workflow of the experimental and data processing workflow. (A) Initial exposure of C. dubia to a 144 
mixture of Cu, Ni, and Zn, (B) fixation and embedding in resin, (C) µ-CT experiment, (D) sectioning, (E) LA-ICP-TOF-145 
MS imaging and data preprocessing, (F) alignment of the 2D LA-ICP-TOF-MS dataset based on the µ-CT dataset, (G) 146 
multi-isotope extraction (MIE) for improving image quality, (H) sagittal and dorsoventral cross-sections in C. dubia and 147 
composite figures of the Zn, Cu and Ni elemental distribution, and (I) segmentation to obtain quantitative data on 148 
different tissues. 149 
Experimental section part 2 / Data processing 150 
Data pre-processing and reconstruction of the 3D LA-ICP-TOF-MS dataset. The LA-ICP-TOF-MS data 151 
were processed using in-house developed software based on Python 3.4. The data pre-processing (Figure 1, step 152 
E) comprises the following steps: (i) drift correction of the mass peak position in the spectra over time in the 153 
mass calibration, (ii) reading the dimensions of the ablated zone from the laser log file, (iii) rescaling the data 154 
based on this information, (iv) performing a background (signal for the gas blank) correction for each individual 155 
image and each nuclide monitored, (v) sensitivity drift correction in each image, and (vi) writing the data into a 156 
predefined data volume (stack) in the correct order. The result of the pre-processing is a stack of multiplexed 157 
(i.e. multi-nuclide) 2D elemental images, which have a random orientation relative to each other (Figure 1). In 158 
the following step, the images in the stack are aligned through registration. 159 
 160 
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3D LA-ICPMS data registration approaches reported in literature are based on the sequential registration of 161 
neighboring slices (sequential slice registration – SSR), and operate under the assumption that shared features 162 
are present in neighboring slices and that the relative positions of these features can be extrapolated along the 163 
Z-axis. Two approaches for image reconstruction were compared in this study: i. SSR registration of each Z-164 
slice relative to adjacent Z-slices and ii. CSR (correlative slice registration) registration of a Z-slice in the LA-165 
ICPMS data volume relative to the corresponding slice in the CT data volume. The CSR approach requires (i) 166 
the modalities to be linked in the spatial domain through an affine transformation and (ii) the presence of shared 167 
distinguishable features across all modalities. A coordinate transformation is typically defined in terms of the 6 168 
degrees of freedom (df), i.e. the 3 translational and 3 rotational degrees of freedom which a mounted sample 169 
has, and a scaling parameter. By sectioning the sample on-axis with its rotational axis, 2 rotational degrees of 170 
freedom were eliminated. This alignment of the multi-modal data in the vertical-axis is crucial: it allows each 171 
image slice of the LA-ICPMS to be correlated directly to a corresponding image slice in the CT volume. 172 
Furthermore, by cropping the CT data to the upper and lower bounds of the organism, the on-axis translational 173 
degree of freedom was eliminated. The coordinate transformation is hence limited to a one-dimensional rotation, 174 
and a two-dimensional translation, vastly reducing the alignment procedure and computation power required for 175 
multimodal registration. Since each rotational transformation is accompanied by a loss in image resolution; in 176 
order to counteract this, the cropped 4D LA-ICPMS dataset of 282 × 59 × 124 × 110 data points underwent 177 
upsampling to 282 × 59 × 248 × 220 data points prior to registration, while the CT image was downsampled 178 
to 395 × 248 × 220 data points such that the XY dimensions of the voxels match those in the LA-ICPMS 179 
dataset (2.5 × 2.5 𝜇𝑚2). It is not possible to accurately derive X-ray absorption - a pseudo-quantized local 180 
material density correlating with electron density - based on a partially known elemental distribution in the case 181 
of polychromatic CT, as insufficient information is available to characterize all photoionization and scattering 182 
effects. Multimodal registration based on a limited collection of endogenous elements within the tissue is hence 183 
very difficult due to the absence of a correlation between the distribution of these elements and the electron 184 
density. A uranyl acetate stain, which deeply penetrates the sample, was applied upon the C. dubia specimen 185 
(Materials and Methods section). The 238U contained within the stain was detected with high accuracy and 186 
sensitivity in LA-ICPMS imaging as a result of the low background levels and absence of spectral interferences 187 
at the heavy end of the mass spectrum. Due to the large total absorption cross-section for U (expressed in 188 
𝑐𝑚2 𝑔−1), the uranyl acetate stain also provided enhanced tissue contrast in the absorption µ-CT dataset. Tissue 189 
staining with a U-containing agent was therefore ideally suited to register the CT and LA-ICP-TOF-MS datasets 190 
via CSR, as the approach circumvents the difficulties associated with establishing a direct element-to-tissue 191 
correlation. The data were registered in SSR and CSR in two steps: (i) a rough registration based on feature 192 
extraction and discrete Fourier transformations, and (ii) fine registration, using an iterative closest point (ICP) 193 
algorithm, with sub-pixel precision.27,28 194 
 195 
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Multi-isotope extraction (MIE) of mass spectra An algorithm was developed to pool the information from 196 
multiple calibrated mass channels in the mass spectrum corresponding to the isotopes of a single element to 197 
produce elemental images with an improved signal-to-noise ratio. A total of 46 nuclides of 20 elements (Mg, 198 
Al, P, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Sr, Ag, Cd, In, Ba, Tl, Pb, and U) were selected from the data based 199 
on known spectral interferences from isobaric, polyatomic and doubly charged ions or from the low abundance 200 
sensitivity (spectral overlap by peak tailing). The mass channels 𝑐𝑚,𝑘𝐸  around mass 𝑚  in the mass range 201 
[𝑚−;𝑚+] related to the response for isotope 𝑘𝐸 of element 𝐸 were integrated. The background signal 𝑏𝑚,𝑘𝐸  was 202 
subtracted and the response was calibrated by dividing the response by the sensitivity for the nuclide 𝑠𝑘𝐸. The 203 
sensitivity was determined through external calibration; four droplets of gelatin, spiked with a multi-element 204 
solution, were spotted on a cover glass slide and ablated quantitatively, permitting a drift-corrected multi-point 205 
calibration curve (𝑟2 ≥  0.99) to be constructed by interpolation (Supporting information). Due to the way a 206 
TOF analyzer acquires the signals, the isotopes of an element are sampled at different points in time. For count 207 
rates higher than a few counts per acquisition, the uncertainty on the signal intensity can be estimated as the 208 
square root of the number of counts registered (following the ordinary Poisson distribution in the Poisson–Gauss 209 
approximation). Thus, the lower count rates in the mass channels corresponding to the isotopes of low abundance 210 
are influenced by Poisson process noise to a relatively higher extent.29 For flickering sources like the ICP, doubly 211 
stochastic Poisson distributions apply and excess variance may have to be taken into account.29,30 The influence 212 
of frequency-independent white noise was reduced by compiling the calibrated responses of 𝑛 selected isotopes 213 
of a specific element 𝐸 into a single local elemental concentration 𝑉𝐸 using a linear combination (LC). Within 214 
the LC a weight factor is introduced based on the natural abundance of an isotope 𝑎𝑘𝐸  normalized to the 215 
cumulative natural abundances for all selected isotopes, and theoretical Poisson process noise: 216 
 𝑉𝐸 = ∑
[
 
 
 𝑎𝑘𝐸√∑ 𝑐𝑚,𝑘𝐸
𝑚+
𝑚−
∑ 𝑎𝑘𝐸√∑ 𝑐𝑚,𝑘𝐸
𝑚+
𝑚−
𝑛
1
(∑[𝑐𝑚,𝑘𝐸 − 𝑏𝑚,𝑘𝐸]
𝑚+
𝑚−
) 𝑠𝑘𝐸⁄  
]
 
 
 𝑛
1
 Equation 1 
Note that the cumulative natural abundance does not amount to 100% when not all isotope(s) of the element are 217 
selected. This calculation was performed in 2.8 × 106 voxels, for 20 elements, taking into account 46 nuclides. 218 
After MIE, the speckle/shot noise levels were suppressed further through a median filter with a window of 2 ×219 
2 × 2 voxels, which is an edge-preserving spatial denoising approach. 220 
 221 
Results and discussion 222 
MIE Multiple sets of integrated mass channels, each representing an isotope of an element, were combined to 223 
reduce the noise levels. This can be seen as a form of competitive fusion, as it exploits data already available in 224 
the mass spectrum in a straightforward way. The standard deviation of the signal in the resin, representative of 225 
the background noise, relative to the average response within C. dubia, was compared for individual integrated 226 
mass channels (isotopes) and the extracted elemental data (Figure 2A-C). The signal-to-noise ratio has improved 227 
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– albeit slightly – relative to most data available from individual mass channels (Figure 2D). The data are also 228 
more robust: if one isotope skews the result, the skew will be mediated by other isotopes. Information on 229 
individual nuclides is lost in the MIE process. 230 
 231 
Figure 2 A-C) Fusion (MIE) of two integrated mass channels of the Cu isotopes, 63Cu (A) and 65Cu (B) in a single data 232 
slice (C) in the XY plane. D) Effect of the multi-isotope extraction on elemental data noise levels (for elements for which 233 
a calibration curve is available) in the resin phase. 234 
 235 
SSR vs. CSR. CSR has shown two distinct advantages over SSR; (i) each slice is correlated to their matching 236 
slice in CSR (which provides a better correlation with the morphology), and (ii) CSR will correctly reflect the 237 
sample orientation, as can be seen in Figure 3. Fast changes in the morphology will impede registration between 238 
adjacent slices as not all small features, such as the apical spine of the chitinous carapace are present in both 239 
slices. When the plane in which the sample is sliced, is not perpendicular to a symmetry plane of the sample 240 
(e.g., in the axial direction), SSR will force features to be aligned along the vertical axis. The information about 241 
the curvature of the sample object along its boundary orthogonal to the cutting plane is lost in the cutting 242 
process.6 This known problem is exposed in this experiment: the central axis of the sample is located in a plane, 243 
tilted relative to the cutting plane. As a result, the SSR fails to mimic the orientation of the sample (Figure 3A). 244 
With multimodal registration via CSR, however, the orientation during CT imaging is mirrored, and a correct 245 
reconstruction is obtained, even without the use of artificial fiducial markers included within the embedding 246 
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medium. Supersampling the image prior to CSR reduces the aliasing effect induced as a result of the rotational 247 
transformation, though in any case, the number of transformations is preferably limited, as each transformation 248 
increases uncertainty. 249 
 250 
 251 
Figure 3 Comparison of the registration algorithms SSR and CSR and MIE/CP. (A) Frontal view of the 238U 3D profile, 252 
with the volume registered using the SSR algorithm. (B) Frontal view of the 238U 3D profile, with the volume registered 253 
using the CSR algorithm. (C) View of the data after MIE and cross-modality projection (Supporting information). (D) 254 
CT absorption image of the embedded sample, thresholded to visualize its features. 255 
 256 
Combined synchrotron radiation based confocal µ-XRF and absorption µ-CT. Using a dynamic scanning 257 
routine, SR-based confocal µ-XRF analysis provided 29 dorsoventral 2D elemental distributions with 30 µm 258 
distance in height within a chemically fixed and air-dried C. dubia without any need of sectioning. A single 259 
plane consisted of 35 × 34 pixels with 20 µm step size and a measuring time of 2 s per point, resulting in a total 260 
analysis time of approximately 24 h. The 34,510 XRF point spectra were fitted with the AXIL software and 261 
processed with the IDL programming-data visualization software (Harris corp., Florida, US). In order to 262 
generate elemental isosurfaces, thresholds were set in such a manner that optimal distinction could be made 263 
between the tissue and surrounding air (Figure 4). Mn could be clearly correlated to the region of 264 
hepatopancreas, gut, and eggs, whereas Fe and Zn were also clearly present within the osmoregulatory tissue. 265 
In comparing the data obtained via LA-ICPMS and SR-XRF we find the following similarities: presence of Mn 266 
in the digestive tract and Zn in the gill and eggs. Both techniques are also complementary in terms of sensitivity: 267 
Whereas the Ca-rich signature of the exoskeleton and the Mn distribution are clearly visible in confocal µ-XRF, 268 
these cannot be distinguished clearly from the background signal for Ca and Mn in LA-ICPMS. LA-TOF-269 
ICPMS on the other hand shows higher sensitivity for heavier elements such as Pb (Supporting information). 270 
The absolute sensitivity for SR-XRF and LA-ICP-TOF-MS is on par within a mass range [50 amu -100 amu]. 271 
Animations of the 3D confocal micro-XRF elemental isosurfaces were produced. (Supporting information)  272 
 273 
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 274 
Figure 4 (A-B) µ-CT 3D renderings of C. dubia (C-D) RGB Ca/Mn/Zn isosurfaces with absorption µ-CT. 275 
 276 
3D segmentation & quantification In order to extract the element concentrations from each major anatomical 277 
structure, voxels associated with these structures were isolated and grouped in so-called volumes-of-interest 278 
(VoIs). Each anatomical structure was extracted from each slice based on a spatial clustering approach in which 279 
a zone of connected pixels above a manual threshold is extracted within a confined region of a composite of the 280 
238U and 31P images, as shown in Figure 5. A pixel can be connected via any of its 8 neighboring pixels. At least 281 
one of these two nuclides is present in each anatomical feature. The average relative concentrations (the data 282 
were calibrated in the MIE procedure) of Cu, Ni, and Zn were calculate for 9 VoIs, representing 9 anatomical 283 
compartments, in the non-fused data (Figure 6, Supporting information). Metal toxicity is determined by the 284 
bioavailability of individual metal ions and their competition with other cations. 285 
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 286 
Figure 5 Segmentation of the volume into VoIs which correlate with biological structures based on a 238U-31P composite. 287 
(A) Views (on all sides) of the cloud of voxels designated to multiple VoIs via a color coding, (B) Views of a 238U-31P 288 
composite image of the sample. 289 
 290 
The interactive effects of metal mixtures are highly dependent on the pH of the medium.31 Previously, Ni, Cu, 291 
and Zn have been shown to act antagonistically on reproductive toxicity.19,31-33 However, it remains yet unclear 292 
if the interactions observed can be linked with uptake or distribution patterns. Interactions between, Cu, Ni, and 293 
Zn cannot be directly derived from a single sample, yet the metal-specific storage sinks can be identified. In this 294 
experiment, trophic transfers of metal accumulation, i.e. incorporation of metals through the food source 295 
(Pseudokirchneriella subcapitata algae), were not considered and cannot be excluded entirely. Figure 1 and 296 
Figure 6 shows that Cu, Ni and Zn are distributed in a different way across the anatomy; although environmental 297 
exposure to Cu, Ni, and Zn induces metal concentration changes in the different tissues, metals generally already 298 
show different distribution across the anatomy. In several studies by Nys et al., the toxicity of binary and ternary 299 
combinations of Ni, Zn, Cu, and Pb on C. dubia reproduction could be best predicted based on the independent 300 
action theory, which may indicate that different mechanisms of toxicity are present.19,33 The distribution among 301 
different tissues may explain the occurrence of independent toxicity mechanisms. C. dubia is expected to be 302 
more sensitive to metal exposure than D. magna.34-36 Chronic exposure to Zn may cause hypocalcemia, i.e. 303 
inhibition of Ca uptake37. For Zn and Ni, the respiratory uptake (gills) is expected to be the dominating uptake 304 
and excretion route due to the low assimilation efficiency from food in D magna.17 Similar to previous 305 
observations on D. magna, Zn was distributed between the eggs, gut and gill tissue in the C. dubia specimen in 306 
this work.21,38,39 The applicability of the 3D imaging and segmentation approach for mechanistic studies, which 307 
require a substantial number of specimens to be analyzed, is currently still limited by time constraints, though 308 
the potential to perform such experiments in the future is present. 309 
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 311 
Figure 6 Boxplot of the spread in elemental concentrations of Cu, Ni and Zn in the VoIs within C. dubia exposed 312 
to elevated Ni, Cu, and Zn concentrations. 313 
 314 
Conclusions 315 
This work reports on multimodal registration of LA-ICP-TOF-MS and µ-CT absorption data. A correlative µ-316 
CT-guided slice registration approach, abbreviated as CSR, permits the accurate reconstruction of the 3D 317 
elemental distribution data, as acquired by LA-ICP-TOF-MS through serial sectioning, within specimens with 318 
a high level of depth inhomogeneity and tilted orientation relative to the cutting plane. The merits of CSR are 319 
highlighted by comparing the image registered by CSR and the image register by a rigid registration approach 320 
based on adjacent sections, relative to the µ-CT data. Noise levels in the LA-ICPMS volume could be reduced 321 
by pooling the information contained within mass channels associated with multiple isotopes of a single element. 322 
Additionally, synchrotron radiation based µ-XRF merged with absorption µ-CT datasets provided 323 
complementary information on the 3D trace level elemental distributions within these millimeter-sized model 324 
organisms. The exposure of C. dubia to dissolved Cu, Ni, and Zn has introduced a distinct distribution of those 325 
metals throughout the organism, which could be described in detail and quantified in individual anatomical 326 
structures by segmenting the data in volumes-of-interest. A full 3D profile of the elemental and morphological 327 
information of C. dubia obtained by merging data from all three analysis techniques contributed to a better and 328 
representative assignment of the elemental distribution to specific tissues within the organism. Quantification 329 
of tissue-specific concentrations could permit mechanistic pathways, linked to metal mixture toxicity, to be 330 
unraveled. 331 
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 SR-XRF.gif Animation showing 3D Ca/Mn/Zn isosurfaces, color-coded red, green and blue, respectively, 344 
extracted from the SR-based µ-XRF dataset acquired at the former beamline L at HASYLAB, DESY in 345 
Hamburg, Germany. Dataset consists of 35 × 34 × 29 voxels, measured using a step size of 20 μm and a dwell 346 
time of 2s. 347 
Zn_Ni_Cu.gif Animation showing Zn/Ni/Cu 3D images as reconstructed via the LA-ICPMS approach (after 348 
MIE) in this work, with the voxels color-coded red, green and blue, respectively. 349 
CP.gif Animation showing the 238U image of the LA-ICPMS dataset after cross-modality projection. 350 
CSR.gif Animation showing the 238U image of the LA-ICPMS dataset after correlative slice registration. 351 
SSR.gif Animation showing the 238U image of the LA-ICPMS dataset after sequential slice registration. 352 
CT.gif Animation showing µ-CT absorption dataset, thresholded to show the tissue. 353 
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